Abstract This work describes a Beach Morphodynamic Model tool (BeachMM) that integrates state of the art wave/morphological numerical models (SWAN and XBeach) within a standard GIS platform (ArcGIS), aiming to streamlining the process related with the beach morphodynamics modelling. The BeachMM tool interface was developed using Python scripting language, taking advantage of its object-oriented and cross platform capabilities as well as its flexibility and strong integration with ArcGIS. In this work, we discuss the merits of this approach through an application example, where the tool was applied to the morphodynamic modelling of an exposed beach located at the Portuguese western coast. This tool has proven its applicability as it greatly simplifies dataflow effort, reduces the human error and provides a dynamic visualization of the modelling results.
Introduction
Since the beginning of the 20 th century the coastal zone has been subjected to an increasing human occupation which conflicts with its intrinsic dynamic behaviour. For that reason, coastal hazards are nowadays achieving more and more importance in coastal management policies that can only be handled by a wider understanding of the complex coastal processes. This, knowledge based, approach should rely upon predictive models (numerical and/or analytical) firmly supported by field observational data. Field data generally has a spatial context which nowadays is mostly managed in a geographical information system (GIS) environment, taking advantage of its capability to capture, store, manage, analyse and display all forms of data that has a geographic reference.
Predictive models present the opportunity to simulate and understand the physical processes that affect the littoral and give decision makers valuable quantitative information about a wide range of coastal state indicators. Nevertheless, the link between the GIS and the predictive models is not always a trivial task mostly because of the diverse data format requirements, but also because of the models complexity and nonuser friendly interfaces that difficult the modelling by non-IT (non-information technology) experts.
Considering that contemporary GIS applications often include tools to develop customizations that can extend the capabilities of the system, emerges the opportunity to link the GIS with even more powerful analytical modules (Crossman et al. 2007 ). The integration of the predictive models with a GIS system rises like a natural solution with vast operational advantages. A GIS coupled with an environmental model provides a tool to run a simulation and to interpret the results in a spatial context (Pullar and Springer 2000) .
Considerable work has been reported in this matter with different levels of coupling or interoperability between the programs, for example the work of Pullar and Springer (2000) or Crossman et al. (2007) integrates external models/software's by calling them within the GIS code while, in contrast, Cheng et al. (2010) or Winterton and Livermore (2004) add the mathematic functions into the GIS system using the development environment VBA (Visual Basic for Applications). In the literature is reported a few different categorizations of methods for integrating models with GIS (Brandmeyer and Karimi 2000) . In the work of Cheng et al. (2010) and Di Luzio et al. (2004) we can find the classification for these integration methods in three classes: "loose", "close" and "tight" coupling (initially proposed by Liao and Tim 1997) : 1) the loose coupling usually involve only data exchange between programs, the GIS is used to generate model input files (pre-processor) and display model output data (post-processor), in this case the interchange data files are both stored using a database (in GIS) and ASCII formats; 2) close coupling passes information between the GIS and the model via memory-resident data models rather than external files and 3) tight coupling where the model integration focuses on incorporating the functional components of one system within the other (i.e. the model within the GIS program) (Liao and Tim 1997) . In this later kind of solutions, data flow GIS-model and the return of the results to GIS are accomplished by routines that are addressed directly by the interactive tools customized in the GIS environment (Di Luzio et al. 2004) .
Regarding the specific field of coastal hydro-morphodynamic modelling this integration is generally either absent or supported by proprietary data management procedures. The latter solution is used in reference coastal modelling packages (e.g. SMS, Zundel 2000 and DELFT3D, Delft 2005) which have addressed this issue through the development of specific, non-standard, spatial data management interfaces. In these solutions all the geovisualizations, data input and output are handled within the same software. While this approach eases all data management processes, the use of non-standard GIS platforms reduces their potential in what concerns spatial data analyses and integration with other systems and significantly increases the software related costs.
Notwithstanding, in most cases integration is performed "loosely" as the available coastal modelling tools do not support any spatial data management module and each component (e.g. wave generation, wave propagation and sediment transport) is an independent variable that, generally, inputs/outputs data in specific non-standard formats. While this approach can be considered flexible, it also increases data management and exploitation effort as it imposes the development of specific data/model/GIS interfaces, deviating the effort from the physical problem.
The objective of the present work is the development of a tool that eases the hydrodynamic and morphodynamic modelling of a coastal stretch, trough "tightly" coupling of two of the most powerful coastal models within a GIS environment: the SWAN wave propagation model (Booij et al. 1999) and the XBeach morphodynamics model (Roelvink et al. 2007 ). This objective was accomplished through the development of a geoprocessing tool for ArcGIS (ArcMap 10.0) using the Python programming language (ESRI 2010; Python Software Foundation 2010) . The developed tool aims to simplify the simulation procedure, automate the data flow between predictive models and GIS and graphically display the results with minimal user interaction.
ArcGIS software was chosen because of its proven skills in geospatial analyses like the raster surface modelling capability and for including scripting support for many of today's most popular scripting environments, such as Python, VBScript among others. Python scripting language is characterized to be object-oriented programming language, open-source, platform independent and most of all for having a clean syntax and simple, clear concepts that makes it easy to learn and use by non-programming experts. Developing Python-based geoprocessing tools for ArcGIS is easy: all tools share a common graphical user interface provided by ArcGIS, and developers must implement only the geospatial analysis tasks performed by the tool (Roberts et al. 2010) , which in the present work, corresponds to the wave/morphological model run.
SWAN model
The correct assessment of the wave behaviour along the shore is fundamental for a valid characterization and prediction of the coastal dynamics where wave predictive models, regardless of its complexity, provide an enormous contribution. In the present work it was decided to use the wave hydrodynamic model SWAN as it represents the state of art in the wave propagation model for nearshore waves.
The SWAN Model is a third-generation wave model for obtaining realistic estimates of wave parameters in coastal areas, lakes and estuaries from given wind, bottom and current conditions. The SWAN model propagates the oceanic waves from deep water to the surf zone by solving the spectral action balance equation. This equation takes into account several physical processes and represents its effects on spatial wave propagation, refraction, shoaling, generation, dissipation and non-linear wave-wave interactions. The SWAN model is a freely available predictive model developed at Delft University of Technology that has been widely used by government authorities, research institutes and consultants worldwide (SWAN 2009) .
The model inputs include one, or more, spatial input grid (s): one (essential) bottom grid where the ocean floor is characterized, generally, by a rectangular grid; and others (optional) spatial grids as water level and/or the wind input. All physical processes, wave initial condition and additional (e.g. grid extent and cellsize) information is defined in a parameters file through some lines of code, followed by the request for outputs and its formats.
To increase the computational efficiency of the model, SWAN users commonly use nestage grids i.e. first the model computes the waves on a coarser grid for a larger region and then uses the simulation results along a finer grid boundary to re-run the model for the nested finer grid that represent a smaller region. Nesting can be repeated on over decreasing scales with the only condition to use the same type of coordinates in the coarser and nested computational grids. In these simulations the wave output is generally in form of density wave spectrum along the nested grid boundaries, and act as an input file for the following model run that simulates the waves along the nested/finer grid.
An essential request for the successful run of SWAN in nesting is the correct agreement of the grid characteristics (for example the origin, extend and cellsize) defined in the SWAN parameters file, simultaneously in the outputs of the regional grid and in the characterization of the nested grid. For instance, a small difference between both parameters can prevent the model to run. Hence, the programming of this kind of tasks, particularly in a GIS context, can be more productive as it saves time and removes the margin of error intrinsic to any manual process (Crossman et al. 2007) .
XBEACH model
The morphological variations that occur along the littoral are strongly connected with the forcing mechanisms that act on the shore. In fact, the wave action is the foremost factor that contributes for the coastal morphodynamics.
The XBeach is a, recently developed freely available, numerical model for nearshore processes intended as a tool to compute the natural coastal response during time-varying storm and hurricane conditions, including dune erosion, overwashes and breaching . A more comprehensive description of the model is given by Roelvink et al. (2009) .
The XBeach model was chosen for its proven prediction skills in wide morphologic contexts, for instance, good results have been accomplished in the prediction of the coastal profiles (Van Dongeren et al. 2009 ), in simulating runup and inundation overwash over longshore-varying terrain . XBeach also have a good performance in different situations including dune erosion, overwash and breaching with specific emphasis on swash dynamics, avalanching and 2DH effects ).
More recently, intensive testing and validation of the XBeach coastal erosion modelling was performed for various European coastal sites in the scope of the European project MICORE (www.micore.eu/). Model results at Italy, Portugal, Spain, France, UK, The Netherlands, Belgium, Poland and Bulgaria where validated through field data collection contributing to test the model under a wide range of environmental conditions (Deltares 2011) .
Minimal model requests are bathymetric information, in a grid format, and wave forcing. Similarly to SWAN model, the information regarding model inputs, physical parameters and outputs is defined in a text file, which is accessed when the model XBeach executable is employed.
For a simple simulation with stationary waves the wave parameters (wave height, wave period and wave direction) can be entered directly in the parameters text file. Nevertheless, more advanced options are possible, namely the definition of time/space varying wave boundary conditions. The XBeach model also allows, as input, the definition of density wave spectrums which represents the statistical wave parameters variation in time. SWAN spectrum results can be directly introduced in the XBeach model which converts the input spectral data into boundary condition time series. In this mode, XBeach uses the boundary condition until the simulation is complete.
As expected, for an error free data exchange between models, a perfect match between the configurations of the input/output grids is required, as well as a compatible parameter definition. This requirement can be easily accomplished through the development of an integration tool that automates data and parameters transfer between models and GIS.
BeachMM integration tool
This section focus on the technical and methodological aspects related to the development and application of the Beach Morphodynamic Modelling tool (BeachMM tool), which integrates SWAN and XBeach modelling capabilities within the ArcGIS environment. This topic targets operational aspects of tool application and does not discuss either SWAN or XBeach physical background. It must be stressed that the use of BeachMM tool should be preceded by a careful validation phase in order to evaluate model adequacy and applicability to each particular coastal zone. It is only after successful model validation, that BeachMM can be used as operational tool, providing useful data to the understanding of coastal morphodynamics.
Tool development
The developed tool, freely available at http://disepla.fc.ul.pt/ Micore/Micore.html, is a Python-based geoprocesing script for the ArcGIS 10.0. Phyton scripting was chosen due to its strong integration within the ArcGIS environment, providing excellent facilities for interoperating all the geoprocessing functions available within ArcGIS and, at the same time, offering access to external modules and programs. The graphical user interface (GUI) customization of the BeachMM tool was built within ArcGIS 10.0 as it entirely provides the all the necessary interfaces (text boxes, check boxes and list boxes).
The BeachMM Python tool implements four main tasks, namely: 1) conversion between different bathymetric raster formats; 2) automatic creation of model input parameter files according to user input and bathymetric grid properties; 3) save model output in ArcGIS compatible formats; and 4) call the external models to run within the ArcGIS. The processing time is constrained by the time required to run each model simulation, being the time expended in data exchange and configuration negligible.
The BeachMM tool architecture is illustrated in Fig. 1 . Modelling strategy follows a simple but effective scheme, where SWAN and XBEACH models are automatically fed with data and driven from a GUI that runs within ArcMap. The modelling process starts with the definition of bathymetric and oceanographic forcing; bathymetric data is prepared using standard raster creation procedures, and involves the design of SWAN and XBeach domains; offshore wave data is inputted directly on the interface, using either spectral or significative wave parameters.
The main loop starts with the creation of SWAN compatible bathymetric file (bottom grid.bot) and the command file (parameters file.txt, a file containing the instructions of the user to SWAN), then the SWAN model is run and waves are propagated over the domain. The BeachMM tool user can repeat the SWAN wave propagation in nested domains (optional nesting loop), until the resolution is considered adequate for use in the morphological (XBeach) domain. In this case offshore boundary waves are characterized using a spectral file automatically created in the previous run (nestage.nst file). After this step, SWAN results are exported to a XBeach compatible format (swan results.txt) and the morphodynamic modelling phase is initiated. The XBeach is driven with parameters defined in the GUI (parameters files.txt) and over a domain defined by the file bottom grid.grd. After XBeach modelling completion, the tool converts the result of each selected output variable, at each time step, into an ArcGIS compatible raster file.
The modular nature of the BeachMM tool, supported by independent components, presents a clear advantage in the sense that the tool can be considered to have longer live cycle as it is version independent i.e. the actualizations of both SWAN and XBeach software do not necessarily imply changes in BeachMM tool.
Tool graphical user interface
The BeachMM run is supported by a GUI that defines model input and output parameters related with SWAN and XBeach models. For SWAN simulation (Fig. 2a) the GUI considers the following parameters: 1) the path for the bathymetric Input SWAN Raster File; 2) the vertical reference of the SWAN raster, downward positive or negative; 3) the SWAN Model workspace path, where the parameters file template and the executable are stored; 4) the option for saving SWAN simulation results into a Matlab file; 5) the Operation Mode: results can either be saved in a SWAN nesting file (SWAN Nestage) or in XBeach compatible format (default) (SWAN to XBEACH) ; 6) and, the path for the nested raster file (in case of an operation mode in nesting). A second block of information is related to the wave forcing (Fig. 2a) . Here, the user can choose between two boundary offshore wave options: the use of a single representative wave, using significative parameters (default), or a spectral wave representation. If the first option is selected the user has to define the Wave Significative Height, Wave Peak Period and Wave Mean Direction while if the latter option is selected the user must define the path to a "Spectral Results File" specific for the boundaries of the SWAN raster.
Finally, in the third block of information, required only if the tool is run in SWAN to XBEACH operation mode, the user must define the XBeach Model Definitions. These definitions appear at the bottom of the interface (Fig. 2a and b) and include: 1) the path to the XBeach bathymetric raster file; 2) if the bathymetric information is downward positive or negative; 3) XBeach model workspace path, where the executable and template parameters file are stored; 4) the start, step and ending time of the XBeach simulation; and 5) morphodynamic variables to be modelled and saved.
Every input required by the BeachMM tool includes a small description only visible when the "Show help" (bottom right of Fig. 2a and b) of the ArcGIS tool interface is selected. This information is particularly relevant for the XBeach Output Parameters selection as it describes each parameter, including required input units.
Example application: morphodynamic modelling at Norte beach

Study site
Norte beach is located in the west coast of Portugal, more precisely in the southward limit of the littoral cell that extends from Douro river mouth and the Nazaré Canyon head (Fig. 3) . This coastal stretch is exposed to the North Atlantic wave regime characterized by a predominant swell from the NW quadrant superimposed with a generally less energetic local wind sea with a wider directional spread. The nearshore wave propagation in this area is strongly disturbed by the presence of the Nazaré submarine canyon, which interrupts the net southward longshore sediment transport (Dias et al. 2002) . It is one of the largest submarine canyons of the world, cuts the full width of the continental shelf and slope, with an approximate E-W orientation, and has been reported in the literature as the major active sediment conduit to the abyssal plain (Oliveira et al. 2007 ). The canyon head is located very near the shore and reaches 20 m depth in few meters distance of the beach.
These regional setting raises the difficulties for the morphodynamic characterization of the Norte beach, as is immediately located northward of the submarine canyon where the waves suffer intense refraction processes. 
Methods
The morphodynamic modelling of Norte beach was performed, through the application of the BeachMM tool. Wave propagation modelling was performed over two domains, one regional coarser grid and one finer nestage grid, using the nesting loop option in the BeachMM tool. The regional grid extends roughly between Douro river mouth and a few km south of Carvoeiro cape, is 71 km× 100.2 km wide, with a cellsize of 200 m. The nestage grid covers the Nazaré canyon head and Norte beach nearshore with 30.1 km×30.1 km and a cellsize of 100 m (Fig. 3) .
Model was driven with measured wave conditions at one point along the offshore regional grid boundary. Wave conditions represented the average conditions for the tree days prior to 23 rd July 2011 (2.8 m significant height, 8.15 s peak Fig. 4 General aspect of the BeachMM tool in execution. The command window in second plan shows the XBeach simulation in progress Fig. 3 Norte beach location and spatial coverage of the bathymetric grids used in the morphodynamic modelling period and a 350º of mean direction) as an unusual (roughly decadal recurrence) sediment accumulation had occurred around the Nazaré headland. Using the spectral wave data generated by SWAN along the nestage described above, the BeachMM tool was again used, in this case with the SWAN to XBeach operation mode (main loop). Using this mode, the SWAN simulation was automatically followed by the XBeach simulation (Fig. 4) over Norte beach area. SWAN raster file corresponds to the previous described Norte beach nestage grid. In this case, the wave input was defined as the density spectrum file obtained by the run in nestage wave grid. Regarding the XBeach model definitions, the input XBeach raster file is a grid that covers the Norte beach ( Fig. 3 ) with 1.51 km×2.01 km wide and a cellsize of 10 m. In both cases, it was chosen to also store the results from the SWAN simulations in Matlab compatible format.
Results
The results of the application of the BeachMM tool, at the study site, are represented in form of spatial variation of the (Fig. 5) shows the expected refraction pattern considering waves coming from NW.
As an example of the XBeach results, the spatial variation of the wave energy dissipation is displayed in Fig. 6 . The dissipation pattern reveals the presence of a submarine sand bar roughly parallel to the coast which is located further offshore at the northern section of Norte beach. Model results (Fig. 7a ) match the observations performed by a video monitoring system (COSMOS) (Silva et al. 2009 ) located at Nazaré headland lighthouse (Fig. 7b) .
Modelled nearshore velocity pattern agrees with the uncommon development of a beach that surrounded the headland at that time, reaching Pedra do Guilhim (Fig. 8) . Results, show a southward sediment transport along the Norte beach; at Pedra do Guilhim the sediment transport pattern is W-E directed presenting the ideal conditions for a sediment accumulation around the headland.
Discussion
The integration of state of the art wave/morphological numerical models (SWAN and XBeach) within a standard GIS platform, proved to be an useful tool in beach morphodynamics modelling as it eases some of the most time-consuming tasks in the modelling processes as it provides: i) seamless integration of geospatial data in the existing numerical models, ii) model chain automation, iii) powerful visualising and analysis tools for the exploitation of model results. The ability to integrate model results with georeferenced raster and vector data such as shoreline, remote sensing data and human occupation proved to be an important advantage of this approach.
The BeachMM tool, included in the ArcToolbox of ArcMap, provide to a regular ArcGIS user a recognizable tool as the requested input for the tool are comparable to any other ArcToolbox tool. This friendly use of the tool permits any ArcGIS user to be able to manage and operate the Beach Morphodynamic Modelling tool.
Nevertheless, this approach can have some drawbacks, which are related to the misuse of a powerful, yet complex, tool that must be careful verified before the exploitation of the results. The likelihood of model misused was reduced by including in the user interface only the parameters needed for the operational use, being the calibration parameters included in a concealed file only handled by SWAN or XBeach experienced users.
Conclusions
The main objective of this work was to develop a userfriendly tool that simplifies the procedures related to morphological modelling of the coastal zone, using state of art numerical models (SWAN and XBeach). The development of this tool benefited from the data management tools available in ArcGIS and the flexibility of customization given by the Python scripting. Model integration was built upon an user friendly interface that efficiently automatize the data exchange between GIS and the models with minimum user action. This tight coupling permits to ease the modelling procedures and, at the same time, minimize the errors induced by the manual processes related to the meticulous models configurations.
The freely available BeachMM tool is believed to increase the potential of the morphodynamic modelling of the coastal zone as it automated functioning within ArcGIS reduces time and operational costs and allows the user to focus on the exploitation of modelling results.
